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aPKC}i maintains the integrity of the glomerular slit diaphragm 
through trafficking of nephrin to the cell surface 
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The slit diaphragm (SD), the specialized intercellular 
junction between renal glomerular epithelial cells (podo- 
cytes), provides a selective-filtration barrier in renal 
glomeruli. Dysfunction of the SD results in glomerular 
diseases that are characterized by disappearance of SD 
components, such as nephrin, from the cell surface. 
Although the importance of endocytosis and degrad- 
ation of SD components for the maintenance of SD 
integrity has been suggested, the dynamic nature of 
the turnover of intact cell-surface SD components re- 
mained unclear. Using isolated rat glomeruli we show 
that the turnover rates of cell-surface SD components 
are relatively high; they almost completely disappear 
from the cell surface within minutes. The exocytosis, 
but not endocytosis, of heterologously expressed 
nephrin requires the kinase activity of the cell polarity 
regulator atypical protein kinase C (aPKC). 
Consistently, we demonstrate that podocyte-specific de- 
letion of aPKOt resulted in a decrease of cell-surface 
localization of SD components, causing massive pro- 
teinuria. In conclusion, the regulation of SD turnover 
by aPKC is crucial for the maintenance of SD integrity 
and defects in aPKC signalling can lead to proteinuria. 
These findings not only reveal the pivotal importance of 
the dynamic turnover of cell-surface SD components 
but also suggest a novel pathophysiological basis in 
glomerular disease. 
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The glomerular filtration barrier is composed of fene- 
strated capillary endothelial cells, the glomerular base- 
ment membrane (GBM) and glomerular visceral 
epithelial cells (podocytes). These components work 
together to form a size- and charge-selective filtration 
barrier that prevents the leakage of cells or macromol- 
ecules into the urine. Podocytes extend primary pro- 
cesses with branched protrusions called foot processes 
to cover the outer surface of glomerular capillaries. 
These foot processes from neighbouring podocytes 
are interdigitated to form a specialized intercellular 
junction, called the sHt diaphragm (SD), that plays a 
critical role in glomerular filtration (7). Most glomeru- 
lar disease states are characterized by dramatic mor- 
phological alteration of podocyte foot processes, called 
foot process effacement, which involves loss of typical 
SD structure, resulting in proteinuria, progressive 
renal damage and eventually the loss of renal 
function (7). 

The framework of the SD is composed largely of 
nephrin, a transmembrane protein of the immuno- 
globulin superfamily. Nephrin molecules interact 
with one another in a homophilic manner, or with 
other SD components, such as nephl and podocin, 
to form the zipper-like structure of the SD (2, 3). 
Nephrin is encoded by the NPHSl gene, and patients 
who harbour mutations in the NPHSl gene develop 
heavy proteinuria before birth and rapidly progress to 
end stage renal failure, this is known as congenital 
nephrotic syndrome of the Finnish type (4, 5). 
Mutated forms of nephrin or podocin found in con- 
genital nephrotic syndrome show defects in cell-sur- 
face localization when expressed in HEK293 cells; 
most localized to the endoplasmic reticulum (ER), 
whereas wild-type proteins localized to the cell sur- 
face ((5, 7). In addition, staining of nephrin in patients 
with various nephrotic syndromes shows defects in 
the continuous linear pattern, a decrease in the stain- 
ing at foot processes and an increase in intracellular 
compartments (8—12). Furthermore, administration 
of a monoclonal antibody against the extracellular 
domain of nephrin into rats causes proteinuria. 
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which is also associated with defects in the cell-surface 
localization of nephrin (13, 14). Change of the stain- 
ing pattern of nephrin from a linear pattern to a 
granular pattern is also seen in an animal model, 
puromycin aminonucleoside nephrosis (15—18). 
Previously, nephrin has been shown to be rapidly 
endocytosed through clathrin and raft-dependent 
pathways in cultured COS-7 cells (19). Furthermore, 
the endocytosis of nephrin is facihtated by disease- 
causing conditions through the molecular interaction 
with (3-arrestin2, PKCa or CIN85 (20-23). Recent 
reports also revealed the importance of protein traf- 
ficking, autophagy and protein degradation in the 
maintenance of the SD (24—27). These observations 
all support the importance of membrane trafficking of 
SD components, especially the cell-surface localiza- 
tion of nephrin and other SD components, in the 
physiology and pathology of the SD. However, the 
molecular mechanisms leading to cell-surface local- 
ization of SD components, as well as those regulating 
the turnover of SD, are largely unknown. 

The atypical protein kinase C-partitioning defective 
(aPKC-Par) complex is an evolutionally conserved 
ternary complex composed of the serine-threonine 
kinase aPKC and two scaffold proteins, Par3 and 
Par6 (28). This complex plays a critical role in the for- 
mation and maintenance of the cell— cell junction in 
epithelial cells (28). The importance of the aPKC-Par 
complex is highUghted by the finding that it associates 
with nephrin, nephl and podocin through the direct 
interaction between nephrin and Par 3 (29, 30). 
Furthermore, prevention of the formation of the 
aPKC-Par complex by podocyte-specific depletion of 
the aPKC isoform aPKCA in mice (aPKCA conditional 
knockout (cKO)) leads to massive proteinuria, the dis- 
assembly of the SD with effacement of podocyte foot 
processes, and finally develops into severe glomerulo- 
sclerosis (30, 31). However, the precise role of the 
aPKC-Par complex in the maintenance of the SD is 
largely unknown. Several recent studies have shown 
that aPKC regulates the turnover of adherence junc- 
tion proteins and cell-surface receptors through the 
suppression of their endocytosis (32—34). aPKC is 
also suggested to regulate polarized exocytosis in epi- 
thehal cells (35, 36). These observations raise the pos- 
sibility that aPKC regulates the cell-surface 
localization of SD components to maintain SD 
integrity. 

In this study, we employed isolated intact glomeruH 
in a cell-surface biotinylation assay system to evaluate 
the turnover of cell-surface SD components. We found 
that SD components were constantly and rapidly exo- 
cytosed, endocytosed and degraded in steady-state glo- 
meruli. We also revealed that aPKC is crucial for the 
turnover of cell-surface SD components to maintain 
SD integrity through the regulation of exocytosis in 
cellular models, isolated glomeruH and in aPKCA. 
cKO mice. These findings not only reveal a novel 
aspect of the mechanism regulating the integrity of 
the SD but also imply that the impairment of SD turn- 
over might contribute to the pathogenesis of 
proteinuria. 



Materials and Methods 

Antibodies and reagents 

The antibodies used in this study were: rabbit anti-nephrin and 
rabbit anti-podocin (IBL; Immuno-Biological Laboratories, 
Fujioka, Gunma, Japan), rabbit anti-aPKC and mouse anti-GFP 
(B-2; Santa Cruz Biotechnology, Dallas, TX, USA), HRP-conju- 
gated rat anti-HA (Roche Diagnostics, Basel, Switzerland), rabbit 
anti-Par3 (Merck Millipore, Billerica, MA, USA), mouse anti-E-cad- 
herin (36/E-Cadherin) and mouse anti-glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (BD Biosciences, San Jose, CA, USA), 
mouse anti-transferrin receptor (TfR) (H68.4), mouse anti-zonula 
occludens-1 (Z01-1A12), Alexa488 and Alexa555-conjugated sec- 
ondary antibodies (Life Technologies, Carlsbad, CA, USA), HRP- 
conjugated secondary antibodies (GE Healthcare Bio- Sciences, 
Piscataway, NJ, USA) and rabbit anti-nephl (as previously 
described (37)). The reagents used in this study were chlorpromazine 
(LKT Laboratories Inc., St Paul, MN, USA), methyl- P-cyclodextrin 
(MPCD) (Sigma, St Louis, MO, USA) and doxycycHne-HCl (ICN 
Biochemicals Inc., Irvine, CA, USA). Myristoylated pseudosubstrate 
inhibitor specific for atypical PKC subtypes (myr- 
SIYRRGARRWRKL) or scramble peptide (SC) (myr- 
RLYRKRIWRSAGR) was purchased from Peptide Institute Inc. 
(Osaka, Japan). 

Animals 

Podocyte-specific aPKCA cKO mice (aPkc'^^^^^''''^^; Nphsl-Cre^^ 
mice) were described previously {30). Male Wistar rats (200— 400 g, 
5—9 weeks old) were purchased from Oriental Yeast Co. (Tokyo, 
Japan). Animal care and handhng in experiments were carried out 
in accordance with protocols approved by the Institutional Animal 
Care and Use Committee at Yokohama City University. 

Cell lines and transfections 

We generated HCT116-nephrin cells using the Flp-In System (Life 
Technologies). First, we made the lentivirus-based Flp-In target site 
vector, pLenti6/FRT/LacZeo2. pLenti6/FRT/LacZeo2 was con- 
structed by replacing the segment containing pCMV to Zeo^ of 
pLenti6/V5-DEST with the segment of SV40A to FRT/LacZ- 
Zeocin of pFRTZeo2. Then, we constructed the pLenti6/FRT/ 
enhanced green fluorescent protein (eGFP)-blasticidin-5'-deaminase 
(BSD), which replaced the LacZeo2 coding region of pLenti6/FRT/ 
LacZeo2 to enhanced green fluorescent protein (eGFP)— blasticidin- 
iS-deaminase (BSD) fusion protein coding sequence for efficient se- 
lection of HCT116_FRT ceUs. The detailed sequence wiU be pro- 
vided upon request. Lentivirus was produced according to the 
instructions for the pLenti6 system (Life Technologies). HCT116 
cells were infected with pLent6/FRT/eGFP-BSD lentivirus, selected 
with 400 )ig/ml of blasticidin, single clones isolated and a single in- 
tegration of Flp recombination target (FRT) site were confirmed by 
Southern blotting. HCTl 16-nephrin cells were prepared using clone 
#19, by Flp-In System (Life Technologies) and maintained in 
McCOY's 5 A medium (Life Technologies) containing 10% foetal 
bovine serum. HeLa Tet-On Advanced cells (Clontech Laboratories 
Inc., Mountain View, CA, USA) were maintained in Dulbecco's 
modified Eagle medium containing 10% foetal bovine serum. 
Plasmid transfections were performed using lipofectamine LTX re- 
agent (Invitrogen) or Hnear polyethyleneimine (MW 25,000 Da; 
Polyscience Inc., Warrington, PA, USA), and siRNA transfections 
were performed using lipofectamine RNAiMAX (Life 
Technologies), following the manufacturer's instructions. 

Expression constructs andslRNA 

Human nephrin and podocin cDNA was described previously {30). 
cDNA fragments of human nephrin were amplified by PCR, and 
subcloned into pcDNA5-FRT-TO (Life Technologies) or pTRET- 
FRT-Hyg-TetOn vectors. HA-tagged wild-type mouse aPKCA. and 
its kinase-deficient mutant (kinase negative form of aPKC (aPKC 
KN): K273E) were described previously {38). 

pTRE-tight(TRET)/FRT vector was constructed by hnking the 
fragment of SV40pA to AmpR of pcDNA5/FRT/TO (Life 
Technologies) and the PCR amplified tetracychne response element 
(TRE)-tight promoter, containing six TRE, from pTRE-tight 
(Clontech). The fragment of CMV promoter to SV40pA from the 
pTet-On Advanced vector (Clontech Laboratories Inc.) was then 
inserted at the blunted Pcil site of pTRET/FRT vector to generate 
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pTERT/FRT/TetOn vector. Detailed sequence information is avail- 
able upon request. 

siRNA duplexes were purchased from Sigma-Genosys, and nu- 
cleotide sequences were as follows: aPKCA. knockdown, sense, 5'-CA 
AGUGUUCUGAAGAGUUUdTdT-3' and antisense, 5'-AAACU 
CUUCAGAACACUUGdTdT-3'; aPKC^ knockdown, sense, 5'-G 
GAAGCAUAUGGAUUCUGUdTdT-3' and antisense, 5'-ACAG 
AAUCCAUAUGCUUCCdTdG-3'; Par3 knockdown #3, sense, 
5'-UAGCUGUUUAGAAUACUAUUU-3' and antisense, 5'-AAA 
UAGUAUUCUAAACAGCUA-3^; #6, sense, 5^-AUCCAUAUCG 
ACUGCUCUGAU-3' and antisense, 5'-AUCAGAGCAGUCGAU 
AUGGAU-3'; #8, sense, 5^-GUCACUUAACCUAAAGCAAUU- 
y and antisense, 5^-AAUUGCUUUAGGUUAACUGAC-3'. For 
a negative control, we used the All-Stars negative control siRNA 
(Qiagen, Hilden, Germany, catalogue number 1027281). 

Isolation of intact glomeruli from rat kidneys 

Glomerular isolation was performed as described previously {30, 39). 
Deeply anaesthetized rats (50 mg/kg nembutal and 5 mg/kg ketopro- 
fen, i.p.) were transcardially perfused with ice-cold phosphate-buf- 
fered sahne (PBS) containing protease/phosphatase inhibitors and 
the sHced cortices from the dissected kidneys were minced into 
small pieces at 4°C. The minced tissues suspended in the same 
buffer were passed through successive stainless steel sieves (pore 
size: 250, 125 and 63)im, respectively; AS ONE, Osaka, Japan) at 
4°C. The glomeruh were collected with ice-cold PBS containing 
ImM MgCl2 and 0.1 mM CaCl2 by centrifugation at 2,000 xg for 
10 min at 4°C, and then processed for the surface biotinylation assay. 

Surface biotinylation assay 

The details of the surface biotinylation assay have been described 
previously {40). Briefly, the isolated glomeruh, HCTl 16-nephrin cells 
or HeLa Tet-On Advanced cells were washed with PBS containing 
0.1 mM CaCl2 and 1 mM MgCl2 (PBSCM), and cell-surface proteins 
biotinylated with 0.5 mg/ml sulfo-NHS-SS-biotin (Thermo Scientific, 
Waltham, MA, USA) in PBSCM at 4°C for 30 min. Then, the glo- 
meruh or ceUs were washed with 20 mM glycine in PBSCM at 4°C 
for 15 min to quench free sulfo-NSH-SS-biotin. In this protocol, we 
can specifically biotinylate the cell-surface proteins. Cell proteins 
were extracted with lysis buffer (20 mM Hepes— NaOH (pH7.5), 
150mM NaCl, 5mM EGTA, 15mM MgCl2, 0.1% SDS, 0.2% 
sodium deoxycholate, 1% TritonX-100, protease inhibitor cocktail 
(Sigma— Aldrich) and PhosSTOP (Roche Diagnostics)). The biotiny- 
lated proteins were isolated with streptavidin sepharose (GE 
Healthcare Bio-Sciences). The samples were then prepared for 
immunoblot analysis. The total protein level and the cell-surface 
localization of SD components were normalized to those at the 
start of labelhng. 

Endocytosis assay 

The details of the endocytosis assay were described previously {40). 
The isolated glomeruh or HCTl 16-nephrin cells were cell-surface 
biotinylated as described above, and incubate at 37° C in HBSS 
(Life Technologies) for the indicated times to allow endocytosis. 
The remaining sulfo-NHS-SS-biotin on the cell surface was stripped 
for Ih at 4°C with 200 mM (isolated glomeruli) or 50 mM |3-mer- 
captoethane sulfonate (MESNA) (Sigma-Aldrich) in 100 mM 
Tris-HCl (pH 8.6) containing 100 mM NaCl and 2.5 mM CaCl2 
and washed with 5 mg/ml iodoacetamide in PBSCM for 15 min at 
4°C to quench remaining MESNA. Cell proteins were extracted with 
cell lysis buffer and the biotinylated proteins were isolated and af- 
finity purified with streptavidin sepharose (GE Healthcare Bio- 
Sciences). The samples were then prepared for immunoblot analysis. 
The percentages of internalized proteins were calculated using the 
following formula: internalized proteins = [(biotinylated protein 
after incubation at 37°C) — (biotinylated protein at Omin)]/(biotiny- 
lated protein at the start of labelling) x 100 {40). 

Biotinylation degradation assay 

The details of the biotinylation degradation assay have been 
described previously {41). The isolated glomeruh were cell-surface 
biotinylated as described above, and incubated at 37° C in HBSS 
to allow endocytosis and degradation. At the indicated time 
points, glomeruh were lysed and analysed as per the endocytosis 
assay. The total protein level and the cell-surface localization of 
SD components were normalized to those at the start of labelhng. 



The percentages of degraded proteins were calculated using the fol- 
lowing formula: degraded proteins = [(biotinylated protein at the 
start of labelling) — (biotinylated protein after incubation at 
37°C)]/(biotinylated protein at the start of labelhng) x 100 {41). 

Doxycycline-inducible expression of nephrin 

HeLa Tet-On Advanced cells were transiently transfected with the 
pTRET-FRT-Hyg-Teton-nphsl vector. After incubation for 48 h, 
cells were incubated in growth medium with lOOng/ml doxycychne 
(ICN Biomedicals Inc.) for the indicate times. After induction, cells 
were subjected to surface biotinylation and affinity purification with 
streptavidin sepharose. The samples were then prepared for immu- 
noblot analysis. 

Immunofluorescence 

Isolated rat glomeruh or HCTl 16-nephrin ceUs were fixed with 2% 
paraformaldehyde in PBS for 10 min at room temperature and per- 
meabilized with 0.1% TritonX-100 for 10 min. The glomeruh or the 
cells were then incubated with the indicated primary antibodies in 
TBST-containing 0.1% BSA for 1 h, foUowed by incubation with 
Alexa Fluor-conjugated secondary antibodies for 1 h. The glomeruh 
or the cells were mounted on glass shdes using Prolong Gold anti- 
fade reagent (Invitrogen). The samples were examined and photo- 
graphed with a fluorescent microscope (Axioimager Zl, Carl Zeiss, 
Oberkochen, Germany), equipped with a confocal unit (CSUlO, 
Yokogawa Electric Corporation, Tokyo, Japan) and a cooled 
CCD camera (ORCA-R2, Hamamatsu Photonics K.K., 
Hamamatsu, Shizuoka, Japan), and objective lens (Plan- 
Apochromat NA 1.4 63x, Carl Zeiss). Images were processed 
using ImageJ (NIH, Bethesda, MD, USA) and Photoshop CS4 
(Adobe, San Jose, CA, USA). 

For stimulation emission depletion (STED) microscopic analysis, 
5-)im thick cryosections were cut using a Jung Frigocut 2800E 
(Leica, Wetzlar, Germany), mounted on silane-coated glass shdes 
and processed for staining with several antibodies. Sections were 
incubated for 4h at room temperature with primary antibodies. 
Next, the sections were incubated with Alexa 488-labelled anti- 
rabbit IgG (Life Technologies) and V500-labelled streptavidin (BD 
Biosciences) for 1 h at room temperature. In control experiments, 
incubation with the primary antibody was omitted. All sections 
were examined with a TCS STED CW (Stimulated Emission 
Depletion) super-resolution microscope from Leica Microsystems 
GmbH (Mannheim, Germany). Samples were imaged using with a 
1.4NA lOOx objective lens (HCX PL APO, Leica). Confocal images 
were acquired using the 488 nm argon laser fine for the excitation of 
Alexa 488 and 458 nm to excite V500. Alexa 488 was detected using 
PMT2 of the spectral detection unit with the detection range set to 
519— 602 nm and V500 was detected with the detection range of 
463— 502 nm. Imaging speed was at 400 Hz using 4x line averaging 
and the pinhole was set to 1.0 Airy units. For STED microscopy, all 
conditions were identical. For the stimulated emission depletion the 
pulsed Ti: Sapphire laser (MaiTai laser, Spectra-Physics, Santa Clara, 
CA, USA) was tuned to 592 nm and the power set to 100%. Signal 
was detected by use of a GaAsP hybrid detection system (Leica). We 
performed deconvolution by applying Huygens STED deconvolu- 
tion option software (Leica). Colocalization analysis of double- 
stained samples was performed with the LAS-AF software provided 
by Leica. 

In vivo biotinylation of mouse kidney 

aPKC cKO mice at PIO or PI 1, or control mice were transcardially 
perfused sequentially for 2 min with 1 ml/g body weight of PBSCM, 
2 mg/ml sulfo-NHS-SS-biotin/PBSCM and 20 mM glycine/PBSCM. 
All solutions were prepared at room temperature. After perfusion, 
the kidneys were homogenized with a Potter homogenizer in 1 ml of 
lysis buffer on ice. The ly sates were diluted to a protein concentra- 
tion of 0.3 mg/ml and subjected to affinity purification using strep- 
tavidin sepharose. The samples were then prepared for immunoblot 
analysis. 

Statistical analysis 

Two-tailed Student's /-test (Microsoft Excel 2004) and two-tailed 
Mann— Whitney C/-test (VassarStats, http://faculty.vassar.edu/ 
lowry/VassarStats.html) were used to analyse the differences be- 
tween the pairs of groups. Values were regarded statistically signifi- 
cant at P<0.05. 
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Results 

SD components are persistently and rapidly 
exocytosed and endocytosed in isolated glomeruli 

To evaluate the turnover rate of cell-surface SD com- 
ponents in intact glomeruli, we employed rat glomeruli 
isolated by sieving techniques (39) and examined 
whether total expression and cell-surface localization 
of SD components were maintained during culture 
conditions. In isolated glomeruH, the immunofluores- 
cence signals for nephrin and podocin were detected as 
a linear pattern along the glomerular capillary wall. 
This staining pattern was preserved in the 60 min incu- 
bation at 37°C, suggesting that SD integrity is main- 
tained during this period (Supplementary Fig. SI). 
Then, we measured the total protein and cell-surface 
localization level of SD components using a cell-sur- 
face biotinylation system (Fig. lA). Not only the total 
protein level of nephrin, nephl and podocin, but also 
their cell-surface localization levels remained stable for 
45 min during incubation (Fig. IB and C). It has been 
reported that SD components are localized both in 
detergent soluble and detergent-resistant membrane 
domains called lipid-rafts (42). In our experiments, 
the majority of the nephrin was detected in the 
detergent soluble fraction and only part of the nephrin 
was detected in the detergent-resistant fraction. 
However, we found that both fractions of nephrin 
were biotinylated with a similar efficacy 
(Supplementary Fig. S2). This result eliminates the 
possibility that only a subset of SD components is 
preferentially biotinylated. These results also indicate 
that SD integrity is maintained in isolated glomeruli ex 
vivo and suggests that they faithfully recapitulate 
steady-state glomeruH in vivo. 

Next, we evaluated the amount of protein interna- 
lized from the cell surface by an endocytosis assay (40) 
(Fig. ID). Cell surface proteins were biotinylated and 
incubated at 37°C for the indicated times to allow 
endocytosis. By stripping of the remaining biotin 
from the cell surface with MESNA, we can specifically 
maintain the biotinylation of the endocytosed proteins 
and can quantitatively evaluate the endocytosis rate of 
SD components. As shown in Fig. IE and F, all three 
SD components examined were rapidly internalized 
within 5 min after the induction of protein trafficking 
(nephrin, 72.1 ±8.9%; nephl, 61.0ib4.4%; podocin, 
52.7 lb 10.0%; mean lb SD (^ = 3)). This suggests that 
the remaining fraction consists of SD components 
that were either degraded after the induction of protein 
trafficking or retained at the cell surface that was not 
endocytosed or both. Based on the data taken at 
45 min after the induction of protein trafficking, we 
assume that ~30— 40% of SD components were 
either degraded and/or retained at the cell surface. 
To evaluate these possibiHties, we chased the amount 
of SD components after biotinylation (41) (Fig. IG). 
To do this, cell-surface proteins were first biotinylated 
and then incubated at 37°C for various durations 
to allow endocytosis and degradation. By chasing 
the remaining amount of biotinylated proteins, we 
can determine the degradation rate of SD components 
that localized to the cell surface from the start of 



labelling. Our quantitative analysis demonstrates a 
31.4 lb 11.0% decrease in the amount of biotinylated 
nephrin and 43.6 ±9.6% decrease in nephl 
(mean ± SD (n = 3)) 30 min after the induction of pro- 
tein trafficking (Fig. IH and I), suggesting that most of 
the internalized SD components were rapidly degraded 
rather than recycled back to the cell surface. In add- 
ition, the amount of podocin, the affinity-purified 
intracellular binding partner of nephrin and nephl, 
was also decreased in a time-dependent manner 
(Fig. IH and I), suggesting that podocin is also rapidly 
degraded with these proteins or dissociates from 
nephrin and nephl. Therefore, although cell-surface 
localized SD components are rapidly endocytosed 
and degraded, total expression and cell-surface 
levels of SD components were constantly maintained, 
probably by compensating de novo synthesis and 
exocytosis. 

aPKC plays a critical role in the surface localization of 
SD components 

As described above, aPKC has an essential role in SD 
integrity (30, 31) and is also involved in both endocyto- 
sis and exocytosis in a variety of other systems (32—36, 
43—45). These observations prompted us to investigate 
the involvement of aPKC in the turnover of cell-sur- 
face SD components. First, we evaluated the cell-sur- 
face locaHzation of SD components in isolated 
glomeruli with or without treatment with an aPKC 
pseudosubstrate inhibitor (aPKC-PS). The amount of 
SD components at the cell surface was dramatically 
decreased by aPKC-PS treatment for 30 min compared 
with control or SC-treated glomeruH, whereas the total 
glomerular expression level of these proteins was un- 
affected (Fig. 2 A and B). The result implies that aPKC 
is involved in the turnover of ceH-surface SD compo- 
nents in glomeruli. To further examine the involvement 
of aPKC, we estabHshed epithelial cells stably express- 
ing human nephrin using the colon cancer cell-line 
HCT116 (HCT116-nephrin ceHs). In these cells, 
nephrin localized to both apical and intercellular junc- 
tion regions, and co-localized with the adherens junc- 
tion protein, E-cadherin (Supplementary Fig. S3 and 
data not shown). Not only aPKC-PS treatment 
(Fig. 2C and D), but also the overexpression of a 
aPKC KN (Fig. 2E and F), as well as the siRNA 
knockdown of aPKC (Fig. 2G and H) aH resulted in 
a decrease of the ceH-surface localization of nephrin, 
without affecting the total expression level. The ceH- 
surface localization, as weH as the total amount, of the 
TfR was not affected by the suppression of aPKC. 
These data indicate that aPKC plays a crucial role in 
the cell-surface localization of SD components, espe- 
cially nephrin. We also examined the role of Par3, a 
component of aPKC-Par complex, in the maintenance 
of ceH-surface localization of nephrin. Knockdown of 
Par 3 in HCTl 16-nephrin ceHs also resulted in a signifi- 
cant decrease of the cell-surface localization of nephrin 
(Supplementary Fig. S4), suggesting that the aPKC- 
Par3 complex regulates the ceH-surface localization of 
nephrin. 
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Fig. 1 SD integrity is maintained by rapid turnover of cell-surface SD components. (A) Schematic representation of the cell-surface biotinylation 
assay. (B) Isolated glomeruH were subjected to the cell-surface biotinylation assay as in (A). Biotinylated SD components were isolated with 
streptavidin sepharose and isolated proteins detected by immunoblot. (C) Quantification of the results in (B). The total protein level and cell- 
surface localization of SD components were normalized to those at the start of labelHng. (D) Schematic representation of the endocytosis assay. 
(E) Isolated glomeruH were subjected to the endocytosis assay and analysed by immunoblot. (F) Quantification of the results in (E). The 
endocytosed proteins were expressed as the percentage of to those at the start of labelhng (see 'Materials and Methods' section). (G) Schematic 
representation of the biotinylation degradation assay. (H) Isolated glomeruli were subjected to biotinylation degradation and analysed by 
immunoblot. (I) Quantification of the results in (H). The biotinylated SD components were normalized to those at the start of labelhng. The data 
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Fig. 2 aPKC is required for the cell-surface localization of SD components, including nephrin. (A) Isolated rat glomeruli were treated with 10 [iM 
aPKC pseudosubstrate (PS) or SC for 30min at 37°C in HBSS(+), then subjected to the ceU-surface biotinylation assay. (B) Quantification of the 
results in (A). (C) HCT116-nephrin cells were treated with 20)iM of aPKC-PS or SC for 2h at 37°C and subjected to the ceU-surface 
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The kinase activity ofaPKC is required for 
exocytosis of newly syntiiesized nephrin, but 
not for the suppression of endocytosis 

The decrease of cell-surface localization of nephrin by 
aPKC inhibition is caused by either the facilitation of 
endocytosis or the suppression of exocytosis, or both, 
because the total amount of nephrin was not altered by 
aPKC inhibition (Fig. 2). To evaluate these possibiH- 
ties, we first examined whether the inhibition of aPKC 
activity affects the rate of endocytosis of nephrin in 
HCT116-nephrin cells using the endocytosis assay 
(Fig. ID). aPKC-PS treatment (Fig. 3A and B) or 
overexpression of aPKC KN (Fig. 3C and D) did 
not alter the rate of nephrin endocytosis. The total 
expression level of nephrin was also unaffected by 
these manipulations. We further investigated whether 
endocytosis inhibitors can compensate for the decrease 
in cell-surface localization of nephrin by aPKC-PS 
treatment. Neither chlorpromazine (clathrin-depend- 
ent endocytosis inhibitor (46)) nor MpCD (raft- 
mediated endocytosis inhibitor (47)) could compensate 
for the decreased cell-surface localization of nephrin 
induced by aPKC-PS treatment (Fig. 3E). These data 
suggest that aPKC does not play a significant role in 
the endocytosis of nephrin in our system. 

To directly evaluate exocytosis of nephrin, we em- 
ployed a tetracycline-inducible (Tet-On) expression 
system in the HeLa Tet-On Advanced cell line. In 
this cell line, the total expression level of nephrin accu- 
mulated and reached a constant at 6 h after induction 
(Fig. 4A— D). The amount of nephrin targeted to the 
cell surface continued to increase during the 8 h follow- 
ing induction of nephrin expression (Fig. 4A— D). 
Suppression of aPKC by aPKC-PS treatment (Fig. 
4A and B) or overexpression of aPKC KN (Fig. 4C 
and D) significantly decreased cell-surface localization 
of newly synthesized nephrin, while the total amount 
of nephrin was not affected (Fig. 4A— D). The cell-sur- 
face localization of TfR was not affected by the inhib- 
ition of aPKC in this cell line (Fig. 4A and C). Taken 
together, these results indicate that aPKC is required 
for exocytosis of newly synthesized nephrin, but not 
for the suppression of endocytosis. 

aPKC is required for the surface localization ofSD 
components in vivo 

The above experiments using isolated glomeruH and 
nephrin-expressing epithehal cells strongly support 
the role of aPKC in maintaining the cell-surface local- 
ization of nephrin by stimulating the exocytosis of 
newly synthesized nephrin. To evaluate this possibility 
in vivo, we next analysed the cell-surface localization of 
SD components in the aPKC-deficient kidney by cell- 
surface biotinylation in vivo. aPKCA cKO mice at PIO 
or Pll, which developed heavy proteinuria (30), and 
control mice were transcardially perfused with sulfo- 
NHS-SS-biotin and the biotinylated cell-surface pro- 
teins were isolated with streptavidin sepharose from 
the kidney lysate. The total expression level of SD 
components was not different between control and 
mutant mice. However, the ratio between total and 
cell-surface localization of SD components signifi- 
cantly differed between control and aPKCA cKO 



mice (nephrin, 0.447 ib 0.1 16; nephl, 0.480 ib 0.238; 
podocin, 0.533 lb 0.234; meambSD (^ = 3), Fig. 5A 
and B). Exocytosis of nephrin is associated with specific 
glycosylation of its extracellular domain. Thus by western 
blot analysis, the upper band of nephrin (Fig. 5A, white 
arrowhead) represents the mature-glycosylated cell-sur- 
face form, and the lower band (Fig. 5A, black arrowhead) 
represents the A^-glycosylated ER-form (48). Notably, the 
proportion of the ER-form of nephrin was higher in 
aPKCA cKO mice compared with that of control mice; 
however, these mice also had a reduction in the cell-sur- 
face fraction (Fig. 5A). To our knowledge, there is no 
evidence that aPKC regulates the glycosylation of cell- 
surface proteins. Therefore, this suggests that the exocytic 
process of nephrin is disturbed by podocyte-specific dele- 
tion ofaPKCA. 

To confirm the disturbance of cell-surface localiza- 
tion of nephrin in aPKCA-deficient glomeruli, we as- 
sessed the localization of SD components using super- 
resolution confocal microscopy based on the STED 
system (49). In control glomeruli, the signals of 
nephrin, nephl and podocin were detected as a Hnear 
pattern along the glomerular capillary and colocalized 
with cell-surface biotin labels. However, in glomeruH 
from aPKCA cKO mice, the colocalization with cell- 
surface biotin was disrupted and the signals of nephrin, 
nephl and podocin were mainly seen at the cell body of 
podocytes (Fig. 5C and Supplementary Fig. S5). 
Finally, we examined the localization of nephrin and 
podocin using immunoelectron microscopy. In control 
podocytes, most of the immunolabelled gold particles 
for nephrin and podocin were detected at the plasma 
membrane of foot processes. However, in aPKCA.-de- 
ficient podocytes, the gold particles for nephrin were 
dissociated from the plasma membrane and predomin- 
antly detected in the intracellular region (Fig. 5D and 
E). Conversely, the particles for podocin were detected 
near the plasma membrane, similar to control podo- 
cytes. Taken together, these findings demonstrate that 
aPKC is required for the cell-surface localization of SD 
components in vivo through the regulation of their 
exocytosis. 

Discussion 

Our previous observations in aPKCA cKO mice re- 
vealed that aPKCA depletion gradually causes severe 
glomerular dysfunction with a drastic change in the 
ultrastructure of the SD resulting in apically dislocated 
SDs and foot process effacement, suggesting the in- 
volvement of aPKCA. in the turnover of cell-surface 
SD components (30). In this study, we provide direct 
evidence demonstrating the rapid turnover of SD com- 
ponents at the cell surface using both isolated glomer- 
uH and aPKCA cKO mice. Furthermore, we provide 
evidence for the involvement of aPKCA in the traffick- 
ing of SD components to the cell surface. 

The physiological and pathological importance of the 
rapid turnover ofSD components at the cell surface 

Previous studies have revealed the critical importance 
of the specialized intercellular junctions formed be- 
tween podocyte foot processes, the SD, in the 
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Fig. 3 aPKC does not suppress the endocytosis of nephrin. (A) HCTl 16-nephrin cells were treated with 20 jiM aPKC-PS or SC for 2 h at 37°C and 

then subjected to the endocytosis assay as in Fig. ID. (B) Quantification of the results in (A). (C) HCT116-nephrin cells were transiently 
transfected with aPKC WT or KN cDNA and incubate for 48 h and then subjected to the endocytosis assay. (D) Quantification of the results in 
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maintenance of the glomerular filtration barrier and 
that the disassembly of the SD leads directly to the 
pathogenesis of proteinuria (7, 50). These studies also 
revealed the importance of SD components and 



associated proteins in the development and mainten- 
ance of SD structures and function. Among the mech- 
anisms impHcated in SD integrity, endocytosis of SD 
components and regulation of actin cytoskeleton have 
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been extensively investigated using cultured podocytes 
or epithelial cell lines {50, 51). However, these in vitro 
culture systems do not recapitulate the dynamic nature 
of the SD, thus they are insufficient to directly evaluate 
the turnover of cell-surface SD components. 

By using cell-surface biotinylation and endocytosis 
assays on isolated glomeruH, we revealed an unexpect- 
edly high turnover rate of cell-surface-localized SD 



components such as nephrin; they almost completely 
undergo exocytosis within minutes. We further show 
that suppression of aPKC kinase activity greatly af- 
fected cell-surface locaHzation of SD components, 
while it did not affect endocytosis, implying the critical 
role of aPKC on exocytosis of SD components and the 
critical importance of exocytosis of SD components in 
maintaining SD integrity. This notion is supported by 
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Fig. 5 aPKC is required for the cell-surface localization of SD components in vivo. (A) aPKC cKO and control mice at PIG or PI 1 were 
transcardially perfused with 2mg/ml sulfo-NHS-SS-biotin/PBSCM for 5min. Then, the kidneys were lysed and biotinylated proteins isolated 
with streptavidin sepharose and detected by immunoblot. The white arrowhead represents the mature-glycosylated, cell-surface form, and the 
black arrowhead represents the A^-glycosylated, ER-form of nephrin. (B) Quantification of the results in (A). The values were normalized to 
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values were determined by two-tailed Mann— Whitney C/-test. 
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the parallel experiments on nephrin-expressing cul- 
tured epithelial cells with direct evaluation of exocyt- 
osis of newly synthesized nephrin. Finally, the 
involvement of aPKCA. in the exocytosis of nephrin 
was confirmed in vivo using aPKCA cKO mice. 

Reduced expression and abnormal distribution of 
SD components are observed in several nephrotic syn- 
dromes in humans, including minimal change neph- 
rotic syndrome, focal and segmental 
glomerulosclerosis, lupus nephritis, diabetic nephropa- 
thy and membranous nephropathy (8—12) and also in 
various disease models (15—18). However, Httle is 
known about the trafficking of SD components in 
the intact SD (52, 53). Our present findings indicating 
the importance of the rapid turnover of SD compo- 
nents to the cell surface are consistent with these pre- 
vious observations, highUghting the importance of 
endocytosis of SD components in the maintenance of 
SD integrity. Taken together with previous observa- 
tions, our present results suggest that the balance be- 
tween exocytosis and endocytosis is tightly associated 
not only with the maintenance of SD integrity, but also 
with the pathogenesis of glomerular diseases. To elu- 
cidate the alteration of the high turnover rate of cell- 
surface SD components under disease conditions 
would provide a new pathophysiologic basis of pro- 
teinuria in glomerular diseases. 

What is the physiological reason for rapid turnover 
of cell-surface SD components? It is suggested that this 
model can explain how podocytes replace clogged SD 
components with new ones to prevent overall SD clog- 
ging and minimize the unnecessary breakdown of SD 
structure (50). In addition, the high turnover of cell- 
surface SD components further enables the re- 
modelHng of SD architecture in response to various 
physiological parameters such as blood flow-depend- 
ent change of glomerular capillary diameter (22). 

The molecular mechanisms regulating the turnover of 
SD components at the cell surface: the role ofaPKC 

Although we and other groups have shown that aPKC 
plays an essential role in the maintenance of SD integ- 
rity (30, 31), the precise role of aPKC has been largely 
unknown. In this study, we demonstrated that aPKC 
plays a critical role in the cell-surface localization of 
SD components, including nephrin, possibly through 
the exocytosis of newly synthesized ones. Furthermore, 
our results suggest that Par 3, a component of the 
aPKC-Par complex, is also required for the cell-surface 
localization of proteins including nephrin. As previ- 
ously demonstrated in columnar epithehal cells, 
aPKC forms a complex with Par3 in podocytes (30). 
Therefore, these observations suggest that aPKC and 
Par3 might jointly regulate the cell-surface localization 
of SD components. 

Previous studies suggested that podocin is necessary 
for the cell-surface localization of nephrin in vitro (6, 7). 
However, we show that nephrin can be targeted to the 
plasma membrane without podocin since HCT116- 
nephrin cells do not express it. Moreover, aPKC is 
required for the cell-surface localization of both nephrin 
and nephl in kidneys and isolated glomeruli. These 
observations suggest that aPKC can regulate the 



cell-surface localization of nephrin independently of 
podocin. The molecular mechanisms regulating the exo- 
cytosis of nephrin through aPKC are currently uncer- 
tain. One possible mechanism is that aPKC regulates 
the exocytosis of nephrin through the modulation of 
the exocyst complex, the octameric complex that tethers 
transport vesicle to the plasma membrane (54). Since 
several studies have suggested that aPKC associates 
with the exocyst complex (35, 55), the kinase activity 
of aPKC might regulate the formation or appropriate 
localization of the exocyst complex for the exocytosis of 
nephrin. In podocytes, it is suggest that aPKC form a 
complex with Par3 and nephrin at the plasma mem- 
brane (30). Furthermore, it has been reported that com- 
bined deletion of aPKCA and aPKC^ isoforms in 
podocytes associates with incorrectly positioned Golgi 
apparatus (56). Based on these observations and our 
results, aPKC might regulate multiple steps in the 
exocytosis of nephrin; transport from ER to Golgi ap- 
paratus and from Golgi apparatus to plasma 
membrane. 

The activation of aPKC is regulated by multiple 
mechanisms including the phosphatidylinositol 
3-kinase (PI3K)-dependent pathway (57), and aPKC 
under control of PI3K has been implicated in insulin- 
stimulated surface mobilization of GLUT4 (44). 
Because nephrin interacts with PI3K in a tyrosine 
phosphorylation-dependent manner and activates 
PI3K signalling (58), it is plausible that aPKC is acti- 
vated downstream of nephrin through PI3K. In add- 
ition, it has been demonstrated that the tyrosine 
phosphorylation of nephrin by Src family kinases trig- 
gers endocytosis of nephrin (19). Based on these pre- 
vious observations and our current findings, we 
propose a model of negative feedback mechanisms to 
maintain cell-surface localization of nephrin. First, 
cell-surface nephrin that is tyrosine-phosphorylated 
by Src family kinases leads to the binding and activa- 
tion of PI3K and endocytosis. In turn, activated PI3K 
leads to the activation of downstream effector aPKC, 
which leads to the exocytosis of newly synthesized 
nephrin to cell surface. 

The correlation between the alteration of the kinase 
activity of aPKC and the pathological conditions pre- 
sent in glomerular diseases is still unclear. It has been 
suggested that the kinase activity of aPKC is regulated 
by both insulin and epidermal growth factor through 
PI3K (57, 59), and that these observations imply that 
the change in the composition of serum circulating fac- 
tors may alter the kinase activity of aPKC in patho- 
logical conditions. To investigate the expression, 
localization or kinase activity of aPKC and the up- 
stream factors in the pathogenesis or recovery phase 
of proteinuria will provide novel insights into the 
pathophysiological basis, and a potential therapeutic 
target, for glomerular diseases. 

Taken together, we present a novel model for the 
maintenance of SD integrity, where the cell-surface lo- 
calization of SD components is dynamically regulated 
by persistent and rapid turnover of these proteins at 
the cell surface. Furthermore, the cell polarity regula- 
tor aPKC plays a critical role in the cell-surface local- 
ization of SD components through the regulation of 
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exocytosis. As mentioned above, the disturbance in the 
cell-surface localization of SD components is tightly 
associated with the pathogenesis and progression of 
proteinuria. Therefore, the signalling leading to the in- 
hibition of aPKC activity would be one of the thera- 
peutic targets for proteinuria. These results provide a 
new insight into the pathophysiological basis for glom- 
erular diseases and shed light on the exocytosis path- 
way as a potential therapeutic target for proteinuria. 
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